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ABSTRACT

The potential of spherical glass shells for deep-.,ubm ergence, applications
was explored hy determining the hydrostatic-collapse strength of 20 hemispheres

of annealed Pyrex glass. The experimental collapse pressures, which ranged

between 6700 and 43~,250 psi, were adequately calculated using an empirical

design equation for the elastic buckling strength of initialy imperfect spheres.
Mlaximum stress levels of about 300,000 psi were obtained in these tests. These

resltsdo otdemonstrate temaximum compressive strenoth of Pyrex ls

since each failure initiated in the elastic buckle range. The tests verifv earlier
calculations which indicated that spheres of Pyrex glass or of other "bridgManite"

materials have an outstanding strength-to-weight advantage over any other type
hull using, known materials. However, the long-terni mechanical propertes of glass

in a marine-environment must be evaluated before its potential for (leep-stllltmergenc(

applications may be properly assessed.

INTRODUCTION

Glass has a rather poor reputation as a structural material, It is generally aecepel
that annealed, unstrengthened glass (glass without an initial compressive stress near its

surfaces) is Susceptible to catustrophic failure initiating in its surface when under relatively

low tensile loads. Recent advances in the chemical strengthening of glass, however, g':l

increase its ability to resist tension loads and make it appear very attractive for mainy struc-

tural applications.

Until recently, the extremely high compressive strength of glas5s, both hin the annealed
and in the surface compressedl condition, was a somewhat lez.ser known property. Little

attention has been drawn to tests conducted by Bridgmian, Iwhich demonstrated the unhelicv-
able resistailce which glass offers to conmpressivye loads. By 5uhiveting thick-wa!lled glass,
cylinders with about a 3 to t ratio of external to internal radius to pressulre.; of .100,100) ps4,
Bridgman obtained calculated compressive stress levels of S00),000 ps i without fracture.

Unaware of Bridgnman's earlier work, and in search of new mteorials, ftor deep-s;uhmer-
gence, appl ictitions, the David Taylor Model Basin conducted exploratory hydrostatic tests;
of -20 long, unstiffenied cylinders of No. 77-10 glass4.2 The results of this study indiented

that glass, with its high compressive strength and relatively low wecigh t, has;. considerahl e
pot ent ia n.;a a mantorial for deep-depth hulls. Spoci fit'ally, valculIat ions hiased on thezse test

~References ate H sted on pate 21,

'Tht tut I details of these eddy~ expe rim entq hive been It. Iloweytr., it is probaibl e th..t the wta~ I.. i

soda-lime ita-As since Pytea wai not tavailable it that time.
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resulti andi those or near-perfect aluminum hemisphieres 3, indicated that glass sphere.4 have
a potential of demonstrating far higher strength-co-weight, ratios than attainiable by any other

type hull using currently availale~ materialF.

Toi positively demonstrate the performance of spherical glass shells, 20 glass hemi-
pheres -Acre tested-to collapse under external hydrostatic pressure. This report summarizes

thrfse test results, compares the experimental collapse pressures with pressures calculated

using an empirical equation for near-perfect spherical shells, and compares the strength-

weight characteris:tics of glass sphere.; with those of spheres of other materials.

BACKGROUND ON RECENT MODEL BASIN TESTS OF
MACHINED SPHERICAL SHELLS

The classical small-deflection theory for the elastic buckling of a complete sphere was
first. developed by Zoelly in 1915 and has been summarized by Tirnoshenko. 5 In (his analysis

it is assumed that. buckling ill occur at that pressure which permits an equilibrium shape

which i-T minutely removed from the perfectly spherical deflected shape. The general expres-

sion for this classical buckling pressure pc, may be given as

K E (,'R) 2 [I

where K is a buckling coefficient,

E is Young's modulus,

It is the shell thickness,

R is the radius to the midsurface of the shell, and
v is Poisson's ratio.

A small-deflection buckling coefficient K, of 1.15 wvas obtained by Zoelly for initially
perfect spheres. Thus, his classical small-deflection, linear buckling theory for initially

perfect spheres many be expressed as

Unfortunately,,the very limitedl data existing prior to recent Model Basin tests dJo not support

the linear theory; elastic buckling coefficients of roughly one-fourth the class-ical value wvere

observed inerlier tests recorded in the literature.6 Various investigators have attempted

v) explain this discrepanc~y by introducing nonlinear, I arg(-oefl ection shell equations. In

effect, their expressions for the theoretical buckling pressures resulting from the nonlin-ar

equations take, the same genoral form as; Equation (11. However, the elastiv k~~~II utffi-

civnts are, often alx~ut one-fourth or the clns ;icaI oCl t and thus are generally in



fair agreement with the early experiments. A miore complete background on-these faree

deflec'tion analyses is given in References 6 and 7.

The test specimens used! in the earlier te4Ets, the results of -.hie-h have been frequsently

compared to the theoretical buckling pressures f0.- initially perfe-ct spheres, Aere form(Ai from
flat plates. Thus , although little data are availab!'-, it can be assumred that these early speci-

mens had significarnt departure from sphericity as well as ,ariatdoas in thicknes-z and rer-iduad

stre;Sses. Those specimens which were not complete zpheres al so had ad% vrse l6,:!am

condi-tions. Since initial imperfections affect collapse strength, tl . vonqparison of exi~tifl-
theory, both lineas and nonlinenr, with the early experiments, is no, '.alid. Unuil vem eet

however, no attempt has been madie to theoretically evalu~ate the Pfff*Ct Of initial irmperf'.-ction

on the collapse strength of deep or complete spheres.

To clarify this rather large discrepancy betaeen the classical buckling~ lr(-surtP aind

the early experimental data recorded in the literaturp, (he Model Basin hasz launchedi a rather

extensive experimental program., Test specimens are being machinedl as well as; nanin-amiured

according to feasible larae-scale fabrication procedures. To (late, homever, miost of the

results have been obtained front small machined mcoJelS. Although this program 1s at :1 rela-

tively early stage, advances have been made in under-tanding the collapse nmechanismard'

in the rational design of spherical shells.

Three series of models have been machined to study the esperimental collapse stren~gth

of near-perfect deep spherical shells. 3..7 Ratios of" experimental collap~se pressure to the
pressure obtained from classical small-deflection theory of ahout 0.7 to 0.9 were obtained.

These ratios are considerably higher than the ratios obtained in pre'vious tests recorded in
the literature, and they' demonstrate the detrimental effects of initial imperfections on co~llapse

strength. Since these models had small, unavoidable imperfections, the experimnental results

lend considerable support to the validity of the smnall-deflection analy-sis for the elastic

bucklifig strength of initially perfect spheres.

The effect of initial imperfections or unevenness factors (in the elastic huckling coeffi-
t ~cients obtained in reenrt Model Basin tests of dJeep spherical s;hells is tdiscussed in Refer-

ence 4 and shown graphically in Figure 1. It is illustrated in Figure I. that no s;inglIe butdI.n"

coefficient may be used in Equation (11 to calculate the strongth of spihericanl szhells %"hich

have varying degrees of initial imperfections. ao 'ei is also illustrated in Figuro I

that although the classical buckling toffie ient is apparently val id for perfect spheres, it is

imjpossijble to ivnni,,tvcure or mevasure most spherical shells with sufficient perfection to
justify the use of the classical equation in design.

Bas;ed on the results lpr~stntt't in Figure 1, thc, Model Basin has recommended the

following emplirical eqluationt for the elastic buck! ing ztrength of ne'ir-perfect sphorvzz3,

*This ptogrtim covers both the etmi .InI! vinu,~ic qtn,m of 'phetncal Nht'Iib' Stnee this prt-ent %sudkv is

concemed with elastc strrngh ity. a djiocusswin of inelamoc rtzngiii'ho-uw&



0.8 F, (/A/,RO) 2

where the use of the outside radius Rois dictated by sim~ple load equilibrium. In developing-

Equation [3! as a design equarion, a sphere *Aas ccnsidered- near-perfect %when its departures

from sphericity over a critical length as defined in Reference 7, we6re !ess than 2 1.'2 percent

or a shell thickness. If small variations in shell thickness are present, the minimum .-hell

thickness /tm should he substituted for A in Equation (31.
Tests have recently been conducted on machined deep spherical shellIs w'ith known flat

spots and thin spots.8 To: calculate the collapse .scrength of these ii'itially imperfect spIheri-

cal shells requires a close examination of the local imperfections. A preliminary evaluation

of these test results, together with results of machined spherical segment-: with clamped

boundaries7 indicates that the elastic buckling streng'th of initially imperfect spherical shells

is essentially a function of the local curvature and thickness of a segment of critical arc

'lengt LC. This critical length is approximated by

LC = (41
(3/4 (1 -2!

The notation used for the imperfect shell is shown in Figure 2.

Thus, the elastic buckling pressure of an initially imperfect spherical shell may be

estimatedl by using the following formula: 8

P3  =-=z R"0 (51

Recent tests have also been conducled on hemispherical shell., with varying' boundary

conditions.9  These results; have not been completely evaluated. Hlo\ever, test results of

s;hell s with rigid boundaries indlicate that clamping the edge of a hemisphere may cauise it to

collapse elastical ly at a pressure about 10 to 20 percent below the collapse pressure of a

complete 51)lerL' of the same thickness-to-radius ratio andl the same magnitude of initial

imupe rfections.

DESCR1PTION OF MODELS

'l'wo series of ten homisphorical miodels; of annealed Pyres-brand borosi livato t'la-z

\%ere prov~urel. 'Pyrc'x-brand glazzs, whicht is designed by Corning Glass %%orks as No. 77-10,

has. at Youtud.; modulus K in the anlnealed Condition of 9.0? , lo psi, a% Poisson's; ratio of

0. 19, and ix spcfie gravity oi 2.2:tP Ono series of modelsz, designated Models A through J1,

\%as mnanu fact uredl by t be National B Iureu of Stndards. T hez~e 1odels \%ere obt aij nd lby
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|parting a hand-blown spherical shell to provide an approximate SO-deg segm nt an( by hand
lapping the parted surface on a glass plate. The second .series of model., manufadc(ured, by

the Fisher and Porter Company and designated Model.s I through 10, was obtained hy grinding
ani polishing a molded shell on all surfaces.

The wall thickness and local outside radii were measured for ench rodel at predeter-

mined orientations. In addition, the minimum z,ell thickness as also measured ad recorded
with respect to its angular orientation. The wall thicknes"s of the hand-blo%n models was
measured using a micrometer; the thickness of the ground and polished modhels was measured

using a support and a dial gage calibrated ;n 0.0001 in. The local outside radi were meas-

ured in an identical manner for each model. The radii away from the-edges % ere ohtained by
use of a dial gage supported by a hollow cylinder with an inside diameter of 0.5: in. First,

the hollow cylinder with the attached dial gage was placed on a solid sphere of known radius
and a reference reading was recorded. Then the support cylindhr Aas placed on the :pherical
glass surface and dial readings were recorded at various orientations. By geometrically
relating the dial reading obtained from the reference sphere to those obtained at %arious

orientations on the glass hemispheres, the local outside radiu.-, Ri. over 0.53-in. chord lengths
was obtained. The local outside radius of the edges of the heuispheres was assumed to be

equal to one-half the measured diameter. Photographs of these inspection procedures are
shown in Figure 3. The measured wall thicknesses at various orientations are listed for thge
two series in Tables 1 and 2; the minimum measurvd wall thicknesses, the measured local

outside radii at the point of minimum thickness, and other significant model dimensions are

given in Table 3.
The calculated local outside radius over a 0.53-in. chord length varied considerahl"

for the hand-blown models although- in no instance did the variation occur alrup~tly. The
calculated outside radius of the ground and polished moduls was, for all pra'tic:Il purposes,
constant for each model. Thus, the variation in thickness for the ground and polished models
was evidently a result of loal variations in the, inside radius and the improper location of

the inside radius with respect to the outside radius.

TEST PROCEDURE AND RESULTS

Each model was sealed by placing PIHC sealing compound hetween the glass and a
heavy steel end plate and then subjected to external hydrostatic pressure in the :-in., 50,000-
psi pressure tank. Pressure was applied in increments during each test. Fach new prv,'sur ,

wasz held at least I min, and the final pressure increment was less than 5 percent of the

m11aximunt pressure applied. Mldel 9 was removed from the tank and inspected after heing

subjeted to a pressure of :IS,500) psi. No damage or leakage, was observed'and, therefore,
Model 9 was phioed b~ack into the tank and tested to colip t,. No visud in spection of any
other model was made during the tests.

3.

I,



The experimental collapse pressures are presented in Table 4. Colapse of each model

occurred in a sudden,. unmistakable fashion and left a completely crystallized residue. Figure 4

shows a typical model b'fore and after tesl. Scrne of the models collapsed while pressure was

being applied and others collapsed while the pressure load was being held constant. In no

case was a "fail-oft" in pressure observed prior to collapse.

DISCUSSION

Since all models had variations in thickness and initial departure from midsurface

sphericity, their collapse strength can best be calculated using the empirical Equation [5].

Figure 5 presents a comparison of the experimental collapse, pressures with the pressures

calculated using Equation [51. A summary uf the measured and calculated geometry of the

local imperfection, which was assumed to center about the point of minimum measured thick-

ness, is given in Table 5. The measured local'outside radius RL is assumed to be equal to

R for the hand-blown models since the average shell thickness over a critical length was

not significantly greater than the minimum measured thickness. In addition, it could not be

determined from the limited data recorded whether the local reduction in thickness occurred

at the inner surface, at the outer surface, or at both surfaces.

The agreement between experimental collapse pressures and the pressures calculated

using empirical Equation [51 was fairly good for most models. In general, the models which

had thin pots near the edge of the hemisphere in contact with the steel closure plate

(Models C, E, F, G, 11, and J) all collapsed at pressures below those calculated using

Formula [5]. This %ould be expected since previous tests have demonstrated that a rigid
boundary lowers the elastic buckling strength of hemispherical shells. 9 All other models

except Model 8 collapsed at pressures close to or in excess of the pressures calculated

using Equation [5]. Although almost all models had considerable variation in thickness,

and thus would be considered imperfect; many of the models had practically constant radii

and thickness over a critical length. In additiod, all models had extreinely smooth surfaces.

Thus, it is not surprising that several of the models collapsed at pressures approaching the

classical buckling pressure for perfect spheres when based on local geometry over a critical

length; i.,., some collapse pressures approach values 1.43 times the pressures calculated
using Equation [5]. These tests once again support the validity of the classical small (te-

flection buckling theory for perfect spheres. As in the case of machined metalic shells, 4

however, it does not appear that spherical shells can be manufactured or measured to the

accuracy required to rely on the classical equation for design purposes.

The average calculated stresses at collapse in Models 9 and 10, based on local

imperfection geometry. were almost 300,000 psi. Model 9 withstood stress levels of almost

300,000 psi without any visible cracking or permanent set. Since the collapse of Models

9 and 10 as well as all other models %as apparentlN elastic (see Fi,.gure 5), these tests do not

demonstrate the maximum strength of No. 7710 glass. Ilowever, it appears safe to conclude on

6
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the basis of those tests that annealed No. 7740 glass has a compressive strength in excess

of 300,000 psi. In fact, these tests certainly-do not cast any doubt on the validity of Bridgman's

workin whichhe obtained stresses of 800,000 psi in glass without causing any permanent

deforrhation. 1 For practical deep-submergence applications, therefore, certain glass may be

assumed to have an infinite compressive strength.

The strength-weight characteristics of these models are sho-An in Figure 6. The experi-

mental points in Figure 6a are based on local geometry and thus represent weight-to-displacement

ratios for essentially near-perfect spheres. The experimental data in Figure 6h are based on

average measured thickness over the entire model and on nominal outside radius. Figure 6

demonstrates that the strength-weight characteristics of spherical glass shells, as well as of

any other type of spherical shell, have little~meaning unless local geometry is aduquately

defined. Figure 6 also demonstrates the influential role which manufacturing tolerances play

on strength-weight characteristics, or structural efficiency, of spherical glass shells.

The estimated collapse depth versus ratio of weight to displacement for near-perfect

spheres of various available materials is presented in Figure 7. The Model Basin empirical

design equation was used in all calculations. Since many of the materials have nonlinear

stress-strain characteristics, the general form of Equation [31, which accounts for reductions

in secant and tangent modulus, was used. 3 ' 7, 8 Typical stress-strain curves were assumed

in all calculations. It is apparent from Figure T that glass shows an outstanding . trength-

weight advantage over §uch materials as high-strength steels, glass-reinforced plastic, and

aluminum and titanium alloys. For example, a No. 77-t0 glass sphere with a weight-displacement

ratio of 0.4 has a static collapse depth approximately 10 times that of an flY-S0 steel sphere

of the same ratio. Pyroceram1 0 spheres show promise of providing evn higher strength-Neight

characteristics than do No. 7740 glass spheres.

Although No. 7740 glass and Pyroceram are the only two glassy materials shown in

Figure 7, there are many more materials of this general type which give promise of yielding

equal or even superior results. This tact has boon emphasized by I.A. Perry of the Naval

Ordnance Laboratory in a paper presented at the recent David Taylor Model Basin Workshop

on Deep-Submergence Hulls. Perry has given this class of materials the name "bridgnManitos"

which he defines as follows:

"A class of synthetic solids with minimum yield strength of at least
one million psi and no creep at ordinary temperature. These solids are
inorganic and amorphous, but may contain crystallites as a minor phase.
The major phase may he a macromolecule. The hridgnmanites include
silica, the high-silicate glasses and glassy boron. The unique behavior
of the high-silicate glasses under high pressure was first recognized by
the late Professor P.W. Bridgman in whose memory this class of solids
is named."

Based o. the ;henonenaL sttengt .eh.L.charactetistic. o brhlgraadte. struc tures as

demonstrated in Figure 7, further investigation of the potential of such hulls for deep-

submergene application,; appears %%orthy. These possilh, applications range frum glass



microballoons embedded in a pla.,tic matrix, as currently being ,Eudied by numerous investi-

gators, to hulls for manned vehicles ranging in diameter from about 6 to 30 ft. The tests
reported herein have shown that on th . basis of short-term static strength, the strenfah-to-

weight characteristics of bridgmanites are tar superior to those of other materials presently

considered for deep-submergence applications. However, the long-term mechanical properties

oa bridgmanites in a marine eivironment have not been demonstrated. These critical properties

aMclude tensile strength, crack resistance, static fatigue (stress corrosion), cyclic fatigue,

impact resistance, and creep. Until these material properties are determined under in-service

conditions for economically feasible structural elements, the potential of these materials for

deep-submergence applicatibns cannot be properly assessed.

SUMMARY

1. The experimental collapse pressures were adequately calculated using empirical

design Equation [5].

2. By obtaining isolated collapse pressures, considerably above those calculated using

Equation [51, these tests support the validity of the classical small deflection theory, for

initially perfect spheres.

3. Maximum stress levels of about 300,000 psi were obtained in these tests. However,

these results do not demonstrate the maximum compressive strength of No. 7740 glass since

each failure-initiated in the elastic buckling range.

4. Manufacturing tolerances have a significant effect on the strength-to-weight character-

istics of spherical glass shells.

5. Spheres composed of No. 7T40 glass and other bridgmanite material have an outstanding

strength-to-weight advantage over any other type hull using known materials. For example, a

No. 7740 glass sphere with a weight-to-displacement ratio of 0.4 has about a 10 to I hydro-
static strength advantage over an IIY-SO steel sphere of the same weight.

6. The long-term mechanical properties of bridgmanites in a marine environment must he

evaluated before the potential of these materials for deep-submergence applications may le

properly assessed.

RECOMMENDATIONS

1 Long-termi mechanical properties of bridgmanitos (such as tensile strength, crack

resistance, static fatigue, cyclic fatigue, impact resistance, and creep) in a marine environment

should le investigated.

2. A comprehensive investigation should he conducted of the potontials of bridgmanito..

as struicturtl menhers or compononts of naval vessels and weapons and the liolhlems involved

in their use.
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Figure 6 - Experimental Collapse Depth versus Ratio of Weight to Displacement
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TABLE 2

Measured Shell Thicknesses, Ground and !,lished Series

I Jeasued Shell Tr crniis_. in.SC Iu et I"Vrtial u rinium Oeni3ion f Ufnimuu
C Vertical Orientaton, del .'c ness Thickness. 4el

deg 0 22.S 1 5 5I.S 90 67.5 45 22.S 0 on. CaicuIfefiiiil !red, oil

0-130 0.0114 0.0321 00263 03 0.0245 0.0250 0.1,13Ca 0.0434
90-210 0.0373 0.03 290.0253 0.0271 0.0315 0,0303 0.0419 0.0201 50 5

0-130 0.0311 0.0265 0.0234 0.0220 10.0211 0.0235 O.0254 0.029 P .03 0 2
2 90-210 0.03161).0304 0.02!0 O.0255 0.0211 0.0?11 0.0230 0,0306 0.0394 0.0205 295 65

0-lao 0.0401 0.0325 0.02411 0.022S 0.022 0.0241 0.0212 0.0345 0.0411
3 90-210 0.04119 0.0311 0.02484 0.0233 0.0221 0.0240 0.0266 0.0351 0.0501 0.0223 23 10

0-180 0.0504 0.0428 0.0,01 ) 253 0.0264 0.0260 10.032s 0.0435 0.0513
4 90-210 0.0508 0.0440 0.0341 i.275 0.0264 0.0240 0.0213 0.0334 0.0500 O.OZ46 295 is

0-130 0.0529 0.0334 0.021 0.0261 0.0231 0.026S 0.0298 0.039 0.0535
s5 30-2710 0.0556i 0.0361 0.0239 0.0263 0.0291 0.0212 0.0294 0.0310 0.0555 0.0256 22 60

0-lao 0.0515 0.0393 0.0311 0.0310 0.0322 0.0314 0.0311 0.0364 0.044
6 90-210 0.0415 0.0366 0.0322 0.0316 O,0322 0.0314 0.0321 0.031S o.os0z 0.030, 225 5

0-I1O 0.0531 0.0411 0.0316? O.036 0.0360 0,0350 0.0380 0.0448 0.0601
1 90-210 0.0549 0.0422 0.0311 0.035S 0.0360 0.0341 0.0359 0.0432 0.0$56 0.0315 295 60

0-130 0.0600 0.013 04.25 0.0381 0.0401 0.0365 0.0365 0,0428 0.0531
3 g0-210 0.0551 0.044? 0.0380 0.0312 0.0401 0.0311 C .0393 0.0460 0.0510 0.0355 155 55

0-130 0.0561 0.0442 0.0394 0.0330 0.0400 0.0334 0.0416 0.0410 0.0631
1 90-210 0.0620 0.0444 0.0400 0.031C 0.0400 0.0390 0.0411 0.0464 0.0530 0.0330 0 6s

10 0-1 0.030 0.0421 0,0421 0.0411 0.019 0.0430 0.044 100546 - - IN0
1 90-270 0,0539 d.012 0.0416 0,0415 0.0411 10.0430 0.0432 0.0483 0.051 0.0408 110

18

V



TABLE 3

Measured Model Dimensions

900

HEIGHT1

Veltictl Local
Angle Nominal Outside

Average Va"im"M MiI14um Location Outside Radius at H,,,,
efies Mdel Thticknesst Thickness Thickness ot 'inimum I Radius Minimum

Thickness Thickness

i n. i. in. dig in. in. in.

A 0.0272 0.031 0.025 45 0.75 0.153 0.151
B 0.0304 0.036 0.025 15 0.15 0.825 0.113
C 0.0304 0.033 0.024 0 0.7S 0.151 0.7Zi
0 0.02 8 0.034 0.027 4s 0.S 0.332" 0.733
E 0.0318 0.034 0.029 5 0.15 0.151 0.103
F 0.0438 0.067 0.032 0 0.15 0.151 0.101

Z G 0.051 0.061 0.041 0 0.75 0.155 0.13
H 0.0543 0.064 0.049 0 0.15 0.153 0.124
1 0.0541 0.060 0.048 45 0.15 0.841 0,113
J 0.013 0.011 0.056 0 0.15 O.SO 0.7145

i 0.0312 0.0479 0.0201 55 0.55 O.SSS 0.500
2 0,0284 0.0314 0.0205 65 0.54 0.550 0.5,1
3 0.0311 0,0501 0.0223 10 0.5S 0.561 0.033
4 0.0301 0.051i 0.024 6S 0.56 0.S10 0.1))
5 0.0365 0.053S 0.02%6 60 0.51 0.561 0.521
6 0.0314 0.05S5 0.030S 53 0.5S 0,560 0.5a
7 1 0.04 S 0.0569 0.034S 60 0.56 0.530 0.52)
a 3 0.0443 0.060 0.0355 55 0.57 0.510 0.526

0.0011 0.0631 0.0d0 65 0.56 0,510 0.522
to 0.0464 0.0546 0.040 60 3.56 0.310 0.531

19
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TABLE 4

Experimental Collapse
Pressures

Expefrnntal
Seies Model CE pe

Pressure

psi

A 6,700
8 9,500
C 8,150
D 700
E 8,400
F 9,850
G 13.00
H 29.000
I 33,750
J 34,500

16,250
15,850

3 16,450
4 17,250

_L S 19,450
21,000
27,500

2 8 27,250
9 39,000

- 0 1 43,250

TABLE 5

Critical imperrection Geometry

Seues Model A,, in. A.. in. A.. in. Rt in.

A 0.025 0.026 0.025 -1.00 0.753
8 0.025 0.026 0.025 0.825
C 0.02S 0.028 0.021 0.151
0 0.027 0.028 0,027 0.832

O E 0.029 0,030 0.029 0.151
F 0.032 0.033 0.032 0.157
G 0.041 0.043 0.042 0.755
H 0.049 0.051 0.050 0.753
I 0.048 0.049 0.048 0.841
J 0.056 0.058 0.051 0,750

1 0.0201 0.023 0.021 0.90 0.501
2 0.0205 0:02 0.021 095 0.523
3 0.0223 0.023 0.023 0.98 0.556

" 4 0.0246 0.026 0.025 0.96 0,548
5 0.025% 0.021 0.026 0.9S 0.545
1 0.0305 0.032 0.031 0.91 0.544
1 0.0345 0.036 0.035 0.91 0.563
* . ' 0.035 0.03S 'O.03 l 095 --0.542-

9 0.0330 0.039 0.033 0.93 0.53
- Io4o3 0.043 0.04 0.91 0.554

120
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